In this paper, the characteristics of traction grease are evaluated. The difference in film formation ability between traction oil and traction grease is focused on, and the state of film formation and the traction coefficient of traction oil and two types of traction grease with different consistencies are measured simultaneously while varying temperature, Hertzian pressure and rolling speed. The traction coefficient of traction grease at a low temperature, a low pressure and a high peripheral speed shows a value larger than that of traction oil. The film thickness of traction grease is measured by the contact ratio method and decreases markedly at a low temperature and a high peripheral speed compared with that of traction oil. An estimation formula for traction grease considering film thickness is developed. These results lead to the conclusion that the property change between traction oil and traction grease is caused by the change of the film formation state.
Introduction
Traction drives that transmit power using the shear force of an elastohydrodynamic lubrication (EHL) film between two rotational elements have several advantages, including a low vibration and a low noise in contrast to a power transmission using gears, and make it possible to construct a continuously variable transmission (CVT). To date, various power transmission mechanisms using traction drives have been proposed. The special lubricant used for traction drives is called traction oil, and power-transmittable performance is preferred in addition to usual lubricating performance. The performance is evaluated by the traction coefficient µ, which is defined as F/N, where F is the traction and N is the contact force between rollers. Therefore, traction can be increased by high traction coefficient. It is necessary to understand the performance of traction oil under various conditions, which the traction drive is used. Hata measured the traction coefficient of various lubricants and examined the influence of driving conditions such as temperature, Hertzian pressure and rolling speed. It is shown that the traction coefficient has a maximum at a certain temperature and decreases as temperature becomes higher or lower from the temperature indicating the maximum traction coefficient (1) . The mechanism through which traction coefficient decreases on the low-temperature side is complex though it is well known that the traction coefficient decreases on the high-temperature side is caused by a decrease in viscosity. Bair reported that traction decreases as film thickness increases due to a change from rheological behavior to low-pressure viscous behavior of the lubricant on the thick-film side of the elastohydrodynamic regime (2) .
A small traction drive transmission (3) and a grease-type traction oil (hereafter, called traction grease), to which a thickener was added, for this transmission were developed. The traction can be performed by filling up traction grease around the contact area between rollers as well as using grease as lubrication for bearings. This leads to the realization of a compact transmission without an oil bus or a pump, however, the cooling effect of the filled-up grease is not sufficient for large-power transmissions with a large heat generation.
There are few research studies on traction grease performance. The characteristics of traction oil and traction grease seem to be the same because more than 90 % of the constitution of traction grease is traction oil, however, some experimental results have shown quite different traction coefficients between traction oil and traction grease (4) . The authors think that the reason for this difference is the difference in oil formation ability. Aihara measured grease film thickness by the capacitance method, and showed that the film thickness of grease became approximately 70 % that of base oil (5) . Cann measured that grease film thickness using a ball-on-disk-type device with an optical interferometer, and showed that film thickness increases with thickener content and base oil viscosity under fully flooded film condition (6) . There are some other reports concerning grease film thickness using the same measurement method (7)~ (9) . In this research study, the difference in film formation ability between traction oil and traction grease is focused on, and the state of film formation and the traction coefficient of traction oil and two types of traction grease with different consistencies are measured simultaneously while varying temperature, Hertzian pressure and rolling speed. The traction characteristics of the traction grease will be evaluated by clarifying the relationship between the oil and the grease.
Experimental Procedure

Two-disk testing machine
The power-transmittable performance of traction oil is expressed by a traction curve, which shows the relationship between traction coefficient and slip velocity or slip ratio. Various types of testing machine were developed to obtain the traction curve experimentally. A simple two-disk testing machine was adopted in this study (4) . Figure 1 shows a schematic of the two-disk testing machine. Two rollers are mounted on each shaft, which is driven by a servomotor directly and supported by two bearings fixed on a case. The upper side of case is fixed on to a base plate, and the lower side of the case is fixed on to a traveling table supported by linear bearings. The fixed and traveling sides are called the drive and driven sides, respectively. A contact force between rollers is generated by pressing the bearing case of the driven side through a pin using the gravitation, converted into horizontal, of the dead weight mounted on the arm shown in Fig. 1 . The central axis of the pin is set concentric with the center of the contact area. Crowned rollers, whose radii of curvature are 20 and 100 mm and a flat roller are used for the drive and driven sides, respectively. The rollers have a radius of 50 mm and a width of 8 mm, so that their ellipticity parameters k are 1.4 and 3.9, respectively. They are made of SUJ2 finished by grinding and hand polishing after heat treatment. The surface roughness is better than 0.03 µmRa and the surface hardness is 830 HV. The traction is measured from the output of the torque meter connected to each roller shaft. The rotary speeds of the drive and driven rollers are measured using shaft encoders connected to the rear of the servomotors directly. The contact force N is measured using a load cell equipped on the traveling side of the bearing case. These measurement signals are input into a microcomputer through interface boards, and the measured data and traction curve are displayed and saved. 
Measurement of traction curve
Firstly, both rollers are driven at the same speed without a contact force. After adding a contact force, the rotary speed of the driven side is lowered by degrees to generate slip, then the torque, rotary speed and contact force are recorded at 1 s intervals by the microcomputer. The slip ratio s is defined as T are the friction loss torque of the drive and driven bearings, respectively. The traction coefficient µ is given by
so that r T is obtained by correcting the output of the torque meter with the friction torque of bearings, where D is the diameter of the roller. The friction torque is obtained using following methods. Firstly, the normal measurement mentioned above is carried out, and next, the measurement by changing the drive and the driven sides with each other is carried out. In the latter, the speed of the left-hand motor shown in Fig. 1 is lowered to generate slip. The output of the torque meter left-hand 0 T ′ is expressed in the same manner as Eq. (3).
The following equation can be derived from Eqs. (2) and (5).
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The traction curve is obtained using r T , that is, by subtracting 0
Measurement of Bulk Temperature
A thermo couple of type K (diameter of wire is 0.076 mm) was buried in a hole 0.7 mm in diameter, which was made on the side of the roller at a position 1 mm below the surface to measure the bulk temperature of the roller. Its output was amplified using an amplifier attached to the end of the roller shaft and obtained through a slip ring.
Measurement of contact ratio
The contact ratio is obtained from the voltage c E between rollers using the circuit shown in Fig. 2 . When an oil film is not formed and the rollers come into contact, c E becomes 0 V. When the oil film is formed and the resistance between the rollers becomes infinity, c E becomes 150 mV. The roller, the inside of which was ceramic-coated, and both sides covered with ceramic washers were isolated from the shafts, because it is necessary to isolate the rollers from each other except the contact area. c E is obtained through a slip ring and sampled at 20 µs intervals. The contact ratio between rollers, ε is defined using the average of the voltage m E between rollers as 150 100 150
Circuit for measurement of contact ratio
Test traction oil and grease
Two types of test traction grease, the consistencies of which are 387 and 315, (developed by IDEMITU) are called grease A and grease B, respectively. Both base oils are the same, the properties of which are shown in Table 1 . Traction oil is supplied using an oil bath and the lower 10 mm part of the rollers is soaked in the oil. About 1 g is spread over the whole surface of the rollers for traction grease. 
Simultaneous Measurement of Traction Coefficient and Contact Ratio between Rollers
Result of measurement of traction coefficient
The traction curve was measured while changing the slip ratio within the range of 0 to 5 %. The oil film temperature T, the mean Hertzian pressure P mean and the roller peripheral speed U are assumed to be 253 to 353 K, 0.39 to 1.26 GPa and 1.3, 2.6 and 5.2 m/s, respectively. Figure 3 shows some examples of measured traction curves. All measured traction curves in the case of k= 3.9 are shown in the appendix. Different-shaped curves among traction oil, grease A and grease B are observed under some conditions, particularly at low temperatures. The maximum traction coefficient µ max under each condition is obtained from the traction curve, and its relationship with the oil film temperature T is determined, as shown in Fig. 4 (only in the case of U= 2.6 m/s). µ max is an useful index to show the performance of traction oil. It is necessary when a traction drive is designed. Different tendencies are obtained among traction oil, grease A and grease B. The µ max of traction oil has a maximum at approximately 293 K and decreases as temperature becomes higher or lower. µ max increases at pressures P mean , less than 0.8 GPa (in the case of k= 3.9), though the influence of pressure on µ max is small under high pressures of more than 0.8 GPa (in case of k= 1.4). Moreover, µ max decreases remarkably with increasing roller peripheral speed U under the conditions of a low temperature and a low pressure. For grease A, µ max decreases at a low temperature under the conditions of a low pressure and a low peripheral speed, though it increases at a low temperature under the conditions of a high pressure and a high peripheral speed. The influence of pressure on µ max at a low peripheral speed is similar to the case of traction oil, while, µ max is more than 0.11 at a high peripheral speed under the condition of low pressure. The influence of pressure on µmax at a high peripheral speed is considered as small. Using grease B, µ max increases as temperature becomes low regardless of pressure and peripheral speed. µ max increases as pressure increases under the conditions of a high temperature and a low peripheral speed only. 
Result of measurement of contact ratio
Contact ratio is obtained by measuring the voltage between two rollers at 2% slip ratio for 0.16 s. Contact ratio increases with temperature and pressure in the case of traction oil. On the other hand, contact ratio decreases as peripheral speed increases so that film thickness increases. Contact ratio increases as temperature increases in the case of both traction greases A and B. Contact ratio increases as P mean increases for U= 1.3 and 2.6 m/s, as in the case of traction oil. Contact ratio for U = 5.2 m/s is smaller than that for U= 2.6 m/s in the case of traction oil, while, it is larger in the case of grease. In general, the measurement of contact ratio is suitable for determining the presence of an oil film, but the absolute value of oil film thickness cannot be obtained. However, for the relationship between the measurement result of the contact ratio between rollers and the film thickness calculated under the measurement conditions as shown in Fig. 5 , a good correlation is obtained for an oil film less than 5 µm in thickness. Then the estimation of film thickness by ε is attempted. The minimum film thickness is calculated using Hamrock-Dowson's equation (10) . The deviation of measurement result ε against h min is approximately 0.1-to 10-fold. The following formulas are derived using the least-squares method to estimate h min from the figures. 
Evaluation of Properties of Traction
In some experiment conditions, the calculated film thickness becomes more than 5 µm, and ε is 0 % because the oil film is formed sufficiently. These data are not used to obtain Eqs. (8) and (9) . The estimation accuracy of film thickness may decrease at a low temperature where oil film thickness increases. The experimental data were plotted on a map of lubrication regimes (10) as shown in Fig. 6 . Most of the experimental data belong to the physical-EHL regime (11) and shift to the PR regime as temperature becomes low. 
Estimation of film thickness of grease
The film thickness of grease is estimated using Eqs. (8) and (9) using the measured contact ratio ε of grease. The relationship between ratio of the estimated film thickness of grease to that of traction oil calculated using Hamrock-Dowson's equation and temperature is examined, and it is considered as a first-degree function of the temperature T and roller peripheral speed U though it varies widely. The following equation was derived. Figure 7 shows the relationship between the minimum film thickness h min and the temperature T obtained using the above formula in the cases of P mean = 0.64 (k= 3.9) and 0.97 (k= 1.4) GPa (contact force 300 N), which are the mean values in the experiment range. The film thickness of grease as well as that of traction oil, increases as temperature becomes low, but the inclination of the curve is smaller than that of oil. This means that the sensitivity of temperature to the film thickness of grease is lower than that of oil. Although the film thickness of traction oil increases as roller peripheral speed increases, that of traction grease decreases. This tendency is observed clearly at a high pressure (k= 3.9). The reason for this is considered to be a shortage of grease, which cannot form a sufficiently thick film, because a low liquidity grease excluded from the contact area is difficult to circulate at a high peripheral speed. A difference in film thickness is obtained between traction greases A and B. The consistency of traction grease A is higher (It means softer) than that of B, however, its effect is not clear in the experimental range.
Influence of film thickness on traction coefficient
In general, oil film thickness increases as temperature becomes low because of an increase in viscosity. Muraki derived a theoretical formula for the maximum traction coefficient using thermal analysis based on the nonlinear Maxwell model. As a result of applying the above formula for the range of 293 to 393 K, µ max decreases almost linearly with increasing temperature (12) . Kato obtained µ max at more than 313 K based on µ max of 313 K. In this case, µ max decreases almost linearly with increasing temperature (13) . The decrease in µ max with increasing temperature is due to a decrease in the viscosity of oil. We assume that the maximum traction coefficient µ max is the product of µ linear and δ as shown in Fig. 8 . µ linear is the part of µ max that changes proportionally with temperature due to the viscosity of oil and δ is the rate of µ max decrease as temperature becomes low and oil film thickness increases. 
This formula treats all experiment ranges as one and is plotted in Fig. 9 . The approximation curve of µ max of traction oil obtained by Eqs. (11) and (12) is in good agreement with the experimental data. The influence of roller peripheral speed on traction coefficient is small on the high-temperature side, and traction coefficient decreases as peripheral speed increases on the low-temperature side, because of a large oil film thickness. 
Property change from traction oil to traction grease
We examine the property change from traction oil to traction grease from the viewpoint of the difference in oil film formation ability among traction grease A, traction grease B and traction oil. The µ linear of traction greases are assumed to be the same as that of traction oil under the same experimental conditions. δ is obtained by substituting the estimated film thicknesses of grease A and grease B into Eq. (12) . The estimation formula for the µ max of traction grease considering the difference in film thickness between traction oil and grease is obtained by substituting δ into Eq. (11) . The comparison between the estimated and measured µ max of grease A and grease B is shown in Fig. 10 . The experiment data are the same as those shown in Fig. 4 . This estimation formula of µ max agrees in detail with the measurement result in the range of the roller peripheral speed U= 1.3 to 2.6 m/s, P mean = 0.64 to 1.26 GPa and temperatures higher than 273 K. µ max is found to decrease at a low temperature using the estimation formula, though it does not decrease at a low temperature in the experiment (except in the case of grease A and k= 3.9). The contact ratio method is very suitable for the measurement of oil film thickness from 0.1 to 1 µm and the insufficient accuracy of film thickness estimation beyond the above range at a low temperature may be the reason for the above phenomena. The magnitude of δ should be smaller in this range.
The estimated film thickness of grease increases as temperature becomes low, while actual film thickness does not seem to increase as the estimation. Moreover, the estimated µ max at P mean = 0.39 and 0.51 GPa is smaller than the measured one. In the low-pressure range under other conditions, the estimated µ max also has a value smaller than the measured one. This requires further consideration. 
Conclusions
The characteristics of traction oil and traction grease are examined from the viewpoint of film formation ability and the conclusions may be summarized as follows.
(1) The traction coefficients of traction oil and grease have almost the same value in the range
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Vol. 3, No. 4, 2009 of mean Hertzian pressure from 0.64 to 1.26 GPa, at roller peripheral speeds of 1.3, and 2.6 m/s and at temperatures higher than a room temperature. On the other hand, the traction coefficient of traction grease at a low temperature, a low pressure and a high peripheral speed is larger than that of traction oil. ( 2) The estimation of oil film thickness between rollers by the contact ratio method is successful and the film thickness of traction grease is estimated using the data of traction oil, the base oil of which is the same. The film thickness of traction grease decreases markedly at a low temperature and a high peripheral speed compared with that of traction oil. (3) The estimation formula for traction grease considering film thickness is derived. The property change between traction oil and traction grease is due to the change of film formation state. 
